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ABSTRACT 


Procedures  are  discussed  for  using  mass  spectrometers  to  make 
absolute  partial  pressure  measurements  of  complicated  residual  gas 
mixtures  in  high  vacuum  systems.  The  details  of  the  matrix  inversion 
technique  and  an  iteration  procedure  for  calculating  partial  pressures 
from  mass  spectrometer  data  are  presented.  Performance  of  a  Bendix 
Model  17-210V  time-of-flight  mass  spectrometer  and  calibration  data 
obtained  are  given.  These  data  indicate  that  short-term  instrument 
stability  cannot  be  assumed  for  mass  spectrometers  which  use  electron 
multipliers  for  ion  detection,  and  that  instrument  linearity  can  be 
assumed  only  under  certain  operating  conditions.  The  data  show  that 
frequent,  in-place,  mass  spectrometer  calibrations  are  necessary. 

The  matrix  inversion  technique  and  the  iteration  procedure  were  eval¬ 
uated  experimentally  by  reducing  the  17-210V  spectrum  of  a 
12 -component  mixture  of  common  residual  gases  whose  partial  pres¬ 
sures  were  known.  The  experimental  results  indicate  that  the  iteration 
technique  is  the  simplest  to  apply,  and  that  it  produces  more  accurate 
partial  pressure  solutions.  It  is  concluded  that  accuracies  of  ±15  per¬ 
cent  in  partial  pressure  measurements  are  obtainable. 
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SECTION  I 
INTRODUCTION 


The  most  informative  way  to  specify  the  vacuum  which  exists  in  a 
space  simulator  is  in  terms  of  the  absolute  partial  pressures  of  the 
residual  gases.  Measurements  of  absolute  partial  pressures  can  be 
made  by  using  a  mass  spectrometer  which  has  been  calibrated  against 
absolute  partial  pressure  standards.  Standard  partial  pressures  for 
calibration  can  readily  be  established  (Ref.  1).  When  the  mixture  of 
residual  gases  consists  only  of  components  such  as  hydrogen,  helium, 
water  vapor,  and  the  components  of  air,  partial  pressure  measurements 
are  simple  and  yield  satisfactory  results.  However,  mixtures  which 
include  these  gases  and  high  concentrations  of  hydrocarbon  gases  are 
often  encountered.  The  absolute  partial  pressure  analysis  of  this  type 
of  mixture  is  more  difficult  because  the  various  components  usually 
interfere  in  the  mass  spectrum.  That  is,  several  components  in  the 
mixture  usually  give  rise  to  ion  current  at  the  same  mass  numbers. 

Analysis  of  such  a  mixtui'e  is  made  as  follows:  (1)  The  types  of 
residual  gases  assumed  to  be  present  in  the  vacuum  system  are 
determined  by  any  means  possible,  such  as  consideration  of  qualitative 
mass  spectrometer  data,  vacuum  system  design  information,  and  data 
on  outgassing  of  materials.  This  determination  must  include  all  gases 
which  are  present  to  a  significant  degree  in  the  vacuum  system. 

(2)  The  mass  spectrometer  is  then  calibrated  in  terms  of  the  absolute 
partial  pressure  of  each  type  of  gas.  (3)  The  mass  spectrum  of  the 
residual  gas  mixture  under  study  is  recorded.  (4)  The  resulting  spec¬ 
trum  is  reduced  to  obtain  the  absolute  partial  pressure  of  each  type  of 
residual  gas. 

The  objectives  of  this  project  are  to  establish  procedures  for  the 
routine  accomplishment  of  steps  (2),  (3),  and  (4)  above.  A  vacuum 
calibration  system  was  developed  previously  in  the  project  for  use 
during  mass  spectrometer  calibrations  (step  2).  A  description  of  this 
system,  which  was  used  throughout  the  present  work,  is  presented  in 
Ref.  1,  A  commercial,  Bendix  Model  17  210V,  time -of -flight  mass 
spectrometer  was  chosen  for  use  in  establishing  these  procedures. 
Calibration  data  on  the  17-210V  are  presented  for  a  specific  set  of  in¬ 
strument  operating  parameters.  Although  these  calibration  data  are  valid 
only  for  the  17-210V,  the  data  reduction  techniques  presented  are 
applicable  to  data  taken  with  any  of  the  various  other  types  of  mass 
spectrometers  (partial  pressure  analyzers)  which  are  capable  of  unit 
mass  resolution  over  the  range  of  interest. 
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SECTION  II 

THEORY  OF  PARTIAL  PRESSURE  ANALYSIS 


A  mass  spectrometer  operates  on  the  principle  that  if  one  pure  gas 
is  present  in  the  ion  source,  then  the  ion  current,  which  is 

generated  at  atomic  mass  number  S.  is  directly  proportional  to  the  partial 
pressure,  p,  of  the  gas: 

P  =  H.t  l<  *  <m  (1) 

The  proportionality  constant,  hjj,  is  the  sensitivity  factor  at  mass  num¬ 
ber  i,  and  m  is  the  largest  mass  number  in  the  spectrum  of  the  pure 
gas.  The  set  of  values  is  the  cracking  pattern  of  the  pure  gas. 

A  second  basic  feature  of  mass  spectrometer  operation  is  that  if 
there  is  a  mixture  of  n  residual  gases  in  the  ion  source  then  the  spectra 
of  the  n  components  add  linearly  according  to  the  set  of  equations 
(Ref.  2); 

hiiP,  +  huP,  +  ■  ■  ■  h,*Pn  -  H i 

h»P.  +  KiP*  +  '  '  ‘  ^nPn  -  H, 

(2) 

hmiPi  +  hmjP,  +  •  ‘  *  hmnPn  =  Hm 

In  general,  the  number  of  equations  in  the  set  exceeds  the  number  of 
unknowns.  The  set  of  constants,  Hjg,  in  Eq.  (2)  is  the  mass  spectrum 
of  the  unknown  mixture  of  gases,  and  m  is  the  largest  mass  number  in 
the  spectrum.  The  factor  hmn  is  the  spectrometer  sensitivity  for  gas  n 
at  mass  number  m.  The  other  sensitivity  factors  are  defined  in  a 
similar  manner. 

The  sensitivity  factors  are  determined  experimentally  by  calibrating 
the  mass  spectrometer  against  a  standard  partial  pressure  of  each  pure 
gas.  During  this  calibration,  Eq.  (1)  is  used  to  calculate  the  sensitivity 
factor  for  each  gas  at  each  mass  number.  These  factors  are  then 
substituted  into  Eq.  (2).  For  example,  Fig.  1  shows  the  equations  which 
describe  the  mass  spectrum  of  a  specific  12-component  mixture.  The 
coefficients  are  in  units  of  amp/torr  and  constitute  the  calibration  of  the 
Bendix  17-210V  time -of -flight  mass  spectrometer  for  the  12  gases.  The 
superscript  on  the  coefficients  is  to  be  interpreted  as  an  exponent  of  ten. 
The  partial  pressure  of  each  type  of  gas  is  identified  on  the  figure.  For 
example,  the  first  term  in  the  second  equation  is  read  4.  65  x  10”^  (amp/ 
torr)  times  the  partial  pressure  of  hydrogen.  The  subscript  on  the 
constants,  Hj;,  is  in  atomic  mass  units,  and  the  major  peak  in  the 
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cracking  pattern  of  each  pure  gas  is  underlined.  A  successful  partial 
pressure  analysis  requires  solving  such  a  set  of  equations  to  obtain 
an  accurate  set  of  solutions. 

2.1  MATRIX  INVERSION  TECHNIQUE 

The  conventional  way  of  solving  a  set  of  equations  like  that  of 
Fig.  1  is  to  employ  the  methods  of  matrix  algebra  (Refs.  2  and  3). 

In  doing  so  a  subset  of  n  equations  is  chosen  from  Eq.  (2).  The  num¬ 
ber  of  equations  selected,  and  consequently  the  number  of  ion  current 
peaks  which  are  actually  used  during  the  data  reduction,  corresponds 
to  the  number  of  unknown  partial  pressures. 

These  equations  may  be  written  in  the  form: 

h»P,  +  hJ2P2  *  •  •  •  h,nPn  =  Hi 
h,iP.  +  h„P3  ^  *  h2nPn  =  n, 

(3) 


^niPi  +  ^njPj  +  *  •  •  ^nnPn  “ 


The  subscript  on  the  constant  terms  in  Eq.  (3)  denotes  the  equation 
number  rather  than  the  atomic  mass  number.  However,  each  of  the 
n  equations  applies  to  a  specific  mass  number.  By  defining  the  coef¬ 
ficient  matrix,  h,  to  be  the  square  matrix 


and  by  further  defining  p  and  H  vectors  as 
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Equation  (3),  expressed  in  the  terms  of  matrix  algebra,  becomes 


hP  .  H  (7) 

Multiplying  both  sides  of  Eq.  (7)  by  h-1  gives  (Refs.  2  and  3) 

P  =  h-’H  (8) 

Thus,  data  reduction  by  the  matrix  inversion  technique  involves  three 
steps:  (1)  choosing  a  subset  of  n  equations  from  Eq.  (2),  (2)  calculating 
the  h“l  of  the  subset,  and  (3)  carrying  out  the  matrix  multiplication  in¬ 
dicated  by  Eq.  (8). 

This  first  step  is  discussed  in  the  following  section,  and  procedures 
for  calculating  hr  1  are  outlined  in  the  Appendix. 

2.1.1  Choice  of  Equations 


The  matrix  inversion  technique  may  produce  inaccurate  solutions 
if  the  subset  of  n  equations  selected  from  Eq.  (2)  is  ill-conditioned 
(Ref.  4).  The  difficulty  encountered  when  attempting  to  solve  a  system 
of  ill-conditioned  equations  is  that  small  measurement  and  round-off 
errors  in  the  coefficients,  Eq.  (4),  generate  large  errors  in  the  solu¬ 
tions.  Out  of  the  complete  set  of  m  equations  it  is  possible  to  choose 
N  different  subsets  of  n  equations  where  N  =  [m!  / n!  (m  -  n)  !].  The 
degree  of  ill- conditioning  of  these  N  possible  choices  will  vary  from  one 
subset  to  the  next,  and  the  use  of  an  ill-conditioned  subset  should  be 
avoided.  A  convenient  measure  of  ill- conditioning  is  presented  by 
Stanton  (Ref.  4).  In  this  measure,  the  n  linear  equations,  Eq.  (3),  are 
considered  to  represent  n  hyperplanes  in  n-dimensional  space,  and  the 
angle  of  intersection  of  the  i  and  the  j  planes  is  given  by 


cosai9ij  •  = 


2  h;k  h 

k zj  _ L 


2  h?k 
it — i 


i 

1 


hik 


(9) 


The  i  and  j  specify  two  of  the  equations  in  Eq.  (3),  and  the  h^  and  h^ 
are  the  corresponding  coefficients  in  these  equations.  In  applying 
Eq.  (9)  it  is  convenient  to  let  i  vary  successively  from  1  <  i  <  (n  -  1), 
and  for  each  value  of  i,  to  let  j  vary  successively  from  (i  +  1)  <  j  <  n. 
This  procedure  generates  a  total  of  [n.1  /2(n  -  2) !  ]  values  of 
cos^Ojj.  If  any  of  these  values  are  near  unity,  then  the  corresponding 
angles  are  small  and  the  equations  are  ill-conditioned. 
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This  measure  of  ill- conditioning  can  be  employed  while  choosing 
a  subset  of  n  equations  from  Eq.  (2).  In  this  procedure  the 
[m!  /2  (m  -  2):]  values  of  cos20^  are  calculated  on  the  computer 
from  Eq.  (9),  and  those  values  exceeding  0.  1,  say,  are  tabulated. 

The  n  rows,  Eq.  (3),  are  then  chosen  as  follows:  The  equations 
corresponding  to  the  major  peaks  (i.  e. ,  the  largest  h)  of  the  n  un¬ 
knowns  are  noted.  This  choice  is  made  initially  because  the  accuracy 
of  the  measurements  of  these  peaks  is  usually  better  than  that  of  the 
minor  peaks.  If  one  of  these  equations  contains  the  major  peak  of 
more  than  one  unknown,  then  the  equation  or  equations  containing  the 
next  largest  sensitivity  factors  of  those  particular  unknowns  are  noted. 
By  using  this  procedure  a  preliminary  choice  of  n  equations  is  made. 
Using  the  tabulated  cos^jj  values,  the  equations  corresponding  to  the 
larger  cos20pj  values  are  noted;  if  one  equation  is  involved  more  often 
than  the  others,  it  is  deleted  and  a  substitute  made.  The  new  set  is 
then  checked,  and  other  substitutions  made  to  further  reduce  the  ill  - 
conditioning.  This  procedure  is  clarified  by  an  example  in  section  IV. 

Inevitably,  some  arbitrary  decisions  are  involved  in  this  pro¬ 
cedure.  However,  the  measure  of  ill- conditioning,  Eq.  (9),  does  at 
least  provide  a  means  of  avoiding  the  use  of  one  of  the  more  ill- 
conditioned  subsets.  The  objective  of  this  procedure  is  to  choose  a 
subset  of  n  equations  which: 

(1)  Includes  all  n  unknowns, 

(2)  Has  the  smallest  cos20pj  terms  possible,  and 

(3)  Includes  the  major  peak,  or  at  least  one  prominent  peak, 
in  the  spectrum  of  each  gas. 

In  general,  these  last  two  requirements  conflict,  and  the  final  choice 
will  represent  an  arbitrary  compromise.  Since  the  final  choice  may 
still  be  somewhat  ill-conditioned,  considerations  of  the  errors  in 
partial  pressure  solutions  are  necessary. 

2.1.2  Errors  in  Partial  Pressure  Solutions 

Partial  pressure  solutions  obtained  by  the  matrix  inversion 
technique  may  be  in  error  as  a  result  of  small  measurement  errors  in 
either  the  coefficients  or  the  constant  terms  of  Eq.  {3).  The  magni¬ 
tudes  of  the  errors  in  the  solutions  will  depend  both  on  the  magnitudes 
of  the  measurement  errors  and  on  the  degree  of  ill- conditioning  of  the 
n  chosen  equations.  The  following  expression  of  the  uncertainties  in 
a  set  of  partial  pressure  solutions  of  Eqs.  (3)  or  (8)  is  easily  derived 
(Ref.  5): 
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h,.APi  +  hi2AP2  +  •  •  •  +  hirrAPh  =  AH.  -  <PiA\,  +  P,Ahu  +  •  •  '  +  PnAtin) 

h2iAP2  +  hllAPJ  +  •  •  •  +  hjnApn  =  AHa  -  (PlAhlt  +  PjAhJ2  +  •  •  •  +  PnAKin)  (10) 

hn,APi  +  hn,AP2  +  •  •  •  +  hnnAPn  =  AHn  "  (P»A1>ni  +  P2Ahn2  +  '  '  ’  +  PnAhnn) 

The  delta  terms  in  Eq.  (10)  are  the  magnitudes  of  the  uncertainties 

of  the  various  parameters.  Equation  (10)  can  be  expressed  in  matrix 
algebra  terms: 

hAP  =  AH  -  (Ah)  p  (11) 

The  matrices  h  and  p  are  defined  by  Eqs.  (4)  and  (5),  respectively. 

The  forms  of  the  matrices  Ah,  Ap,  and  AH  are  analogous  to  Eqs.  (4), 
(5),  and  (6),  respectively.  Multiplying  Eq.  (11)  by  h"l  gives 

AP  =  h~*  [AH  -  (Ah)  P]  (12) 

where  the  quantity  in  brackets  is  an  n- dimensional  column  vector. 

After  a  set  of  partial  pressure  solutions  has  been  calculated  from 
Eq.  (8),  then  Eq.  (12)  can  be  applied  to  evaluate  the  errors  which  are 
generated  either  by  errors  in  groups  of  parameters  or  by  an  error  in 
a  single  parameter.  For  example,  assume  that  the  errors  in  the 
sensitivity  factors  are  zero,  and  that  the  mass  spectrometer  sensitivity 
drops  to  90  percent  of  its  calibrated  sensitivity  -  a  common  occurrence 
when  the  mass  spectrometer  uses  an  electron  multiplier  for  ion  detec¬ 
tion.  In  this  case,  all  Hjg  of  an  experimental  spectrum  will  be  10  per¬ 
cent  low,  and  Eq.  (12)  reduces  to 

Ap  =  -0.1  h-1  H  (13) 

Therefore,  from  Eq.  (8),  the  errors  in  the  solutions  are 

Ap  =  -0,lp  (14) 

The  conclusion  in  this  case  is  that  the  accuracy  of  the  solutions  is  the 
same  as  that  of  the  peak  height  measurements.  The  accuracy  of  the 
peak  height  measurements  depends  largely  on  the  ability  of  a  mass 
spectrometer  to  hold  its  calibration. 

If  specific  coefficients  or  constant  terms  are  in  error,  rather 
than  the  entire  H  vector,  the  partial  pressure  solutions  will  contain 
errors  whose  magnitudes  depend  on  the  degree  of  ill-conditioning  of 
the  n  chosen  equations.  These  errors  may  be  calculated  from  Eq.  (12), 
which  is  employed  later  in  applications  of  these  analytical  procedures. 
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2.2  AN  ITERATION  TECHNIQUE 


Since  data  reduction  by  matrix  inversion  is  rather  tedious,  a 
simpler  procedure  is  needed.  The  following  iteration  technique  promises 
to  satisfy  this  need.  First,  all  individual  equations  in  the  set  of  Eq.  (2) 
that  contain  low  sensitivity  factors  for  all  of  the  gases  are  deleted.  This 
step  is  taken  merely  to  avoid  using  very-low-level  ion  current  peaks  in 
the  data  reduction,  because  these  low-level  peaks  are  not  usually  meas¬ 
ured  accurately.  Depending  on  the  number  of  equations  deleted,  the 
resulting  subset  will  contain  r  equations  where  r  >  n.  Each  equation  will 
correspond  to  a  specific  mass  number.  Partial  pressure  solutions  are 
then  calculated  as  follows; 


1.  The  first  approximation,  pp  to  the  true  value  of  the  ith  partial 
pressure  is  taken  as  the  smallest  of  the  r  values  which  are 
calculated  from  the  following  expression  by  letting  S.  vary 
through  the  r  mass  numbers: 


2.  Step  (1)  is  repeated  for  1  <  i  <  n  to  obtain  the  first  approxima¬ 
tions  to  all  of  the  n  true  solutions.  Notice  that  each  of  these 
approximations  will  be  greater  than  or  equal  to  the  correspond¬ 
ing  true  solution. 

3.  These  approximations  are  substituted  back  into  the  subset  of 
r  equations  and  the  spectrum,  ,  of  these  approximations  is 
calculated. 

4.  An  "error  spectrum,  ”  E^,  is  calculated  for  the  r  mass 
numbers: 


El  -  H f  -  h; 


(16) 


Each  current  peak  in  this  first  error  spectrum  is  negative  or 
zero  because  for  each  i. 

5.  The  partial  pressures,  ej,  of  the  error  spectrum  are 

approximated  in  a  manner  similar  to  step  (1)  above.  That  is, 
ej  is  taken  as  the  smallest  of  the  r  values  which  are  calculated 
from  the  following  expression  by  letting  S.  vary  through  the 
mass  numbers: 


(17) 


'ii 


The  proper  sign  to  be  attached  to  e^  is  the  sign  of  the  specific 
value  of  Ejj  which  determined  ep 
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6.  Step  (5)  is  repeated  for  1  <  i  <  n  to  obtain  approximations  of  all 
partial  pressures  in  the  error  spectrum. 

7.  The  second  set  of  approximations,  to  the  true  solutions  of 
the  subset  of  r  equations  is  then  calculated  as: 

p  ■'  =  P;"  +  e,  1  <  i  <  n  (18) 

Each  of  these  approximations  will  be  less  than  or  equal  to  the 
corresponding  true  solution. 

8.  Iterations  are  accomplished  by  repeating  steps  (3)  through  (7) 
until  each  current  peak  in  the  error  spectrum  becomes  small 
compared  to  the  corresponding  peak  in  the  experimental 
spectrum  or  until  the  error  spectrum  ceases  to  change  with 
successive  iterations, 

Experimental  evidence  of  convergence  of  this  iterative  procedure 
is  presented  for  a  specific  12-component  mixture  in  section  IV.  It 
should  be  emphasized  that  the  only  acceptable  evidence  of  convergence 
is  that  each  current  peak  in  the  final  error  spectrum  be  small  com¬ 
pared  to  the  corresponding  peak  in  the  experimental  spectrum. 

A  significant  advantage  of  this  iteration  technique  is  that  it  is  very 
simple  to  program  and  run  on  a  computer. 


SECTION  III 

SPECTROMETER  PERFORMANCE  AND  CALIBRATION  DATA 


The  data  reduction  techniques  outlined  in  the  previous  section  in¬ 
volve  two  basic  assumptions  regarding  mass  spectrometer  operation. 
First,  linear  operation  according  to  Eqs.  (1)  and  (2)  is  assumed,  and 
secondly,  the  sensitivity  factors  calculated  from  Eq.  (1)  are  assumed 
to  remain  constant  until  all  experimental  data  are  collected. 


3.1  LINEARITY  AND  SENSITIVITY 

The  linearity  and  sensitivity  of  the  Bendix  17-210V  spectrometer 
are  shown  in  Fig.  2.  These  data  show  the  ion  current  peak  height  (i.  e. , 
the  electron  multiplier  output)  at  mass  28  as  a  function  of  pure  nitrogen 
(N2)  pressure  for  three  different  settings  of  electron  multiplier  voltage. 
The  multiplier  voltage  is  adjustable  in  50- v  steps  from  1100  to  1600  v. 

A  50-v  increase  will  increase  the  multiplier  gain  by  a  factor  of  approxi¬ 
mately  2.  1.  A  continuously  variable  gain  control  is  also  available  for 
fine  control  of  the  multiplier  gain  at  each  setting  of  the  multiplier  voltage. 
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The  nonlinearity  of  the  17-210V  is  caused  primarily  by  a  current 
saturation  effect  in  the  electron  multiplier.  Figure  2  shows  that  this 
saturation  effect  is  evident  over  much  of  the  operating  range  of  the 
multiplier.  The  dashed  lines  show  the  desired,  linear  operation.  The 
deviation  from  linear  operation  is  current  dependent  and  is  larger  at 
the  larger  currents.  Extreme  nonlinear  operation  is  evident  for 
current  peaks  exceeding  about  4  x  10"  ^  amp.  During  partial  pressure 
analyses,  instrument  operating  parameters  should  be  chosen  to  avoid 
generating  peaks  larger  than  this  value. 

The  minimum  detectable  electrometer  current  is  approximately 
2  x  10"^  amp.  Therefore,  extrapolation  of  the  data  in  Fig.  2  indi¬ 
cates  that  a  multiplier  voltage  of  1600  v  provides  a  minimum  detect¬ 
able  N2  partial  pressure  of  approximately  1  x  10" H  torr.  Also,  at 
1G00  v  the  multiplier  operation  is  approximately  linear  up  to  about 
1.  5  x'10"6  torr.  Similarly,  the  minimum  detectable  N2  partial  pres¬ 
sure  at  1350  v  is  about  2  x  10"  10  torr,  and  the  operation  is  approxi¬ 
mately  linear  up  into  the  10" D  torr  range.  At  1100  v,  the  minimum 
detectable  N2  partial  pressure  is  about  2  x  10“^  torr,  and  the  opera¬ 
tion  is  approximately  linear  up  into  the  10“^  torr  range. 

The  data  in  Fig.  2  indicate  that  a  multiplier  voltage  of  1350  v  is 
best  suited  for  vacuum  measurements  in  the  1  x  10"9  to  1  x  10"5  torr 
range. 

Figure  3  shows  the  data  of  Fig.  2  plotted  in  terms  of  the  sensitivity 
factor  for  N2  at  mass  2  8  versus  the  N2  pressure.  These  data  show  the 
extent  of  the  variations  in  the  instrument  sensitivity  for  N2. 

In  the  present  work,  the  multiplier  was  operated  at  1350  v,  and 
linear  multiplier  operation  in  the  1  x  10"^  to  1  x  10"9  amp  range  was 
assumed.  During  each  calibration,  a  working  standard  partial  pres¬ 
sure  in  the  high  10"  ^  torr  range  was  used,  and  the  sensitivity  factors 
were  calculated  from  Eq.  <1)  at  this  single  pressure. 

In  retrospect,  it  appears  that  the  data  from  the  17 -210V  could 
have  been  completely  linearized  during  data  reduction  by  multiplying 
all  current  measurements  by  a  current- dependent,  experimentally 
determined  correction  factor.  The  feasibility  of  this  procedure  stems 
from  the  fact  that  the  nonlinearity  of  the  17 -210V  originates  in  the 
multiplier  and  is  dependent  only  on  the  current.  This  correction  will 
be,  in  effect,  another  nonlinear  stage  of  gain  in  the  multiplier.  Such 
corrections  should  be  incorporated  into  the  17-210V  data  reduction 
procedures  when  the  experimental  data  varies  widely  between  2  x  10"  *3 
to  4  x  10” 8  amp. 
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3.2  SENSITIVITY  STABILITY 

In  aadition  to  linearity,  the  instrument  stability  is  of  primary 
importance.  Figure  4  shows  the  variations  in  the  17-2 10V  sensitivity 
for  N2  (at  mass  28)  from  day  to  day,  over  a  58-day  period.  These 
data  were  collected  as  follows:  The  instrument  operating  parameters 
were  the  same  as  listed  in  Fig.  2,  and  the  multiplier  was  operated  at 
1350  v.  Using  the  fine  gain  control,  the  multiplier  gain  was  adjusted 
on  the  first  day  to  give  an  N2  sensitivity  of  exactly  10"  9  amp/torr 
when  the  instrument  was  manually  adjusted  to  mass  28.  During  most 
of  the  following  days,  the  sensitivity  was  measured  and  then  read¬ 
justed  (standardized)  to  10" 3  amp/torr  prior  to  starting  each  day's 
work.  Figure  4  shows  the  measured  sensitivity  changes  that  occurred 
between  successive  standardizations.  No  standardization  was  accom¬ 
plished  during  the  intervals  indicated  by  the  dashed  lines  in  Fig.  4. 

During  the  58-day  period,  the  17-2 10V  was  operated  about  4  hr  per 
day  during  analyses  of  mixtures  consisting  primarily  of  H2O  and  CO2 
at  a  total  pressure  of  1  x  10"^  torr.  Also,  during  this  58-day  period, 
the  ion  source  filament  was  hot  about  10  hr  per  day,  and  the  ion  source 
pressure  was  maintained  at  about  1  x  10" 9  torr  except  when  an  analy¬ 
sis  was  in  progress. 

The  data  of  Fig.  4  show  unpredictable  sensitivity  variations  of  up 
to  45  percent.  These  data  serve  only  to  point  out  that  frequent,  in- 
place  checks  and  readjustments  of  the  sensitivity  are  necessary  for 
accurate  partial  pressure  measurements.  During  the  present  work, 
this  instrument  standardization  was  always  accomplished  by  first 
establishing  an  N2  pressure  of  10"6  torr  in  the  ion  source  and  then 
adjusting  the  fine  multiplier  gain  to  give  10" 9  amp  of  multiplier  current 
when  manually  adjusted  to  mass  28. 

3.3  PARTIAL  PRESSURE  CALIBRATION  DATA 

Vacuum  measurements  by  mass  spectrometry  require  a  consider¬ 
able  catalog  of  calibration  data.  All  such  17-210V  data  accumulated 
during  the  present  work  are  shown  in  Table  I.  These  data  are  valid 
only  for  the  17-2 10V  with  operating  parameters  shown  and  with  room 
temperature  gases  in  the  ion  source  region.  As  indicated  previously, 
these  data  were  calculated  from  Eq.  (1)  at  a  single  test  gas  pressure 
in  the  high  10"^  torr  range.  The  vacuum  calibration  system  described 
in  Ref.  1  was  used  to  establish  the  absolute  calibration  pressures.  The 
accuracies  of  these  calibration  pressures  were  ±5  percent.  Conse¬ 
quently,  the  accuracies  of  the  sensitivity  factors  in  Table  I  are  also 
approximately  ±5  percent. 
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During  the  present  17-2 10V  calibration  efforts,  it  was  found  that 
the  normalized  17-2 10V  cracking  pattern  for  each  gas  (i.  e.  ,  sensitivity 
factors  expressed  as  a  percentage  of  the  largest  sensitivity  factor) 
generally  agreed  with  the  cracking  pattern  data  which  are  presented  in 
the  American  Petroleum  Institute  (API)  Research  Project  44,  Catalog 
of  Mass  Spectral  Data.  The  API  data  were  taken  on  the  Consolidated 
Engineering  Corporation  Model  21-102  mass  spectrometer. 


SECTION  IV 

EXPERIMENTAL  EVALUATION  OF  DATA  REDUCTION  TECHNIQUES 


In  order  to  experimentally  evaluate  the  data  reduction  techniques 
presented  in  sections  2.  1  and  2.  2,  the  vacuum  calibration  system  was 
used  to  generate  a  working  standard  mixture  of  12  common  residual 
gases  in  the  17-210V  ion  source  region.  The  type  and  partial  pres¬ 
sure  of  each  gas  are  given  in  the  first  two  columns  of  Table  II.  The 
experimental,  17-2 10V  spectrum  of  this  mixture  is  given  in  Table  III. 
As  indicated  previously,  Eq.  (2)  for  this  mixture  of  gases  is  given  by 
the  set  of  equations  in  Fig.  1.  The  objective  is  to  use  this  set  of  equa¬ 
tions  to  reduce  the  spectrum  in  Table  III.  The  partial  pressure  solu¬ 
tions  obtained  should  compare  favorably  with  the  data  in  column  2  of 
Table  II. 

In  order  to  employ  the  matrix  inversion  technique,  the  ill- 
conditioning  of  the  equations  of  Fig.  1  must  be  considered.  In  accord¬ 
ance  with  previous  discussion,  only  the  equations  in  Fig.  1  which 
contain  the  larger  sensitivity  factors  are  considered  for  use  in  the  data 
reduction  (section  2.  1.  1).  These  are  the  21  equations  corresponding 
to  mass  numbers  2,  12,  14,  15,  16,  25,  26,  27,  28,  29,  30,  32,  37, 

38,  39,  40,  41,  42,  43,  44,  and  58.  Although  the  equation  correspond¬ 

ing  to  mass  12  contains  small  sensitivity  factors,  it  is  included  because 
it  provides  additional  information  on  carbon  monoxide.  The  results  of 
applying  Eq.  (9)  to  these  21  equations  are  given  in  Table  IV.  Only  the 
cos20}j  terms  which  exceed  0.  3  are  tabulated. 

Suppose  an  initial  choice  of  12  equations  which  correspond  as 
closely  as  possible  to  the  major  peaks  is  made.  This  choice  includes 
the  equations  from  Fig.  1  corresponding  to  mass  numbers  2,  14,  16, 

27,  28,  29,  30,  32,  40,  41,  43,  and  44.  Table  V  lists  those  cos2^ 

values  from  Table  IV  that  apply  to  this  initial  system  of  12  equations. 
Since  the  maximum  cos20jj  value  in  Table  V  is  0.  59,  this  initial  choice 
is  not  as  ill-conditioned  as  other  possible  choices.  If  the  experimental 
spectrum  (Table  III)  is  reduced  by  matrix  inversion,  using  this  initial 
choice  of  equations,  then  the  solutions  in  the  third  column  of  Table  IT 
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are  obtained.  The  errors  in  these  solutions  relative  to  the  working 
standard  partial  pressures  are  presented  in  column  4. 

If  an  attempt  is  made  to  choose  a  better  conditioned  set  of  equations 
from  Fig.  1,  then  the  considerations  outlined  in  section  2.  1.  1  lead  to 
a  final  compromise  consisting  of  the  equations  corresponding  to  mass 
numbers  2,  12,  16,  25,  28,  29,  30,  32,  40,  41,  43,  and  44.  Table  VI 
lists  the  cos^Oij  values  from  Table  IV  that  apply  to  this  final  choice  of 
equations.  Since  the  maximum  cos^Oy  value  in  Table  VI  is  0.  44,  this 
final  choice  is  somewhat  less  ill-conditioned  than  the  initial  choice. 
Reducing  the  experimental  spectrum  by  matrix  inversion  of  this  final 
choice  of  equations  yields  the  solutions  presented  in  column  5  of 
Table  II.  Column  6  shows  the  errors  in  these  solutions  relative  to  the 
standard  values. 

If  the  iteration  technique  is  employed  to  reduce  the  experimental 
spectrum  (Table  III),  then  the  solutions  in  column  7,  Table  II,  are 
obtained.  Column  8  shows  the  errors  in  these  solutions  relative  to  the 
standards.  The  same  21  equations  listed  at  the  beginning  of  this  section 
were  employed  in  this  iteration  process.  These  are  the  equations  which 
correspond  to  the  mass  numbers  listed  in  column  1  of  Table  VII. 

Table  VII  is  the  computer  data  showing  the  error  spectrum  which  was 
calculated  during  the  tenth  iteration.  The  process  was  stopped  during 
the  tenth  iteration  because  the  solutions  and  the  error  spectrum  were  not 
changing  with  successive  iterations.  Column  3  of  Table  VII  shows  the 
error  spectrum,  and  column  4  shows  the  error  spectrum  expressed  in 
percentage  of  the  experimental  spectrum  at  each  mass  number. 


SECTION  V 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 


Since  the  same  vacuum  calibration  system  was  used  both  to  cali¬ 
brate  the  mass  spectrometer  and  to  generate  the  working  standard 
12-component  mixture,  the  partial  pressure  solutions  in  Table  II  should 
agree  with  the  standard  values  to  within  approximately  ±3  percent.  This 
±3  percent  is  the  estimated  reproducibility  of  working  standard  partial 
pressures  in  the  vacuum  calibration  system. 

A  study  of  Table  II  indicates  that  the  most  accurate  set  of  solutions 
is  the  set  obtained  by  the  iteration  technique.  However,  the  solutions 
for  Ar,  CO2,  CO,  and  CH2CH2  are  in  considerable  error  in  all  three  sets 
of  solutions.  Although  it  was  not  possible  to  conclusively  identify  the 
sources  of  these  errors,  certain  observations  were  made.  Specifically, 
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the  working  standard  partial  pressure  values  were  substituted  into  the 
equations  of  Fig.  1,  and  exact  Hjg  values  were  calculated.  Several 
resulting  peak  heights  are  listed  in  column  2  of  Table  VIII.  Column  3 
of  Table  VIII  shows  the  experimental  values  (Table  III),  and  column  4 
shows  the  percentage  of  difference  of  each  experimental  peak  relative 
to  the  exact  calculated  value,  The  data  in  Table  VIII  show  that  the 
differences  between  the  experimental  and  the  calculated  values  at  mass 
numbers  40  and  44  are  nearly  the  same  as  the  errors  in  the  solutions 
listed  in  Table  II  for  Ar  and  CO2,  respectively.  This  indicates  either 
that  the  Ar  and  CO2  sensitivity  factors  in  Fig.  1  are  in  error  or  that 
the  working  standard  partial  pressures  are  in  error.  The  former  is 
considered  to  be  more  probable. 

The  two  best  solutions  for  CO  in  Table  II  are  considered  to  be  the 
one  obtained  by  the  matrix  inversion  of  the  better  conditioned  set  of 
equations  and  the  one  obtained  by  iteration  (columns  5  and  7,  Table  II). 
The  fact  that  these  two  solutions  are  in  agreement  suggests  that  addi¬ 
tional  CO  was  generated  by  reactions  of  gases  in  the  mixture  with  the 
ion  source  filament. 

The  conclusion  from  this  exercise  is  that  the  iteration  technique 
yields  more  accurate  partial  pressure  solutions  than  those  obtained 
by  matrix  inversion.  One  reason  for  this  appears  to  be  that  the 
iteration  technique  uses  more  of  the  experimental  data  from  each 
spectrum  than  does  the  matrix  inversion  technique. 


SECTION  VI 

DISCUSSION  OF  SOURCES  OF  ERROR 


In  general,  the  most  significant  errors  in  absolute  partial  pressure 
solutions  result  from  three  sources:  calibration  errors,  changes  of 
instrument  sensitivity  after  calibration,  and  inconsistencies  in  the  ex¬ 
perimental  data. 

If  the  original  working  standard  partial  pressure  against  which  the 
spectrometer  is  calibrated  is  in  error,  then  all  the  sensitivity  factors 
calculated  from  Eq.  (1)  will  be  in  error  by  the  negative  of  the  same 
amount;  consequently,  all  solutions  which  are  calculated  using  these 
sensitivity  factors  will  be  in  error  by  the  same  amount  as  the  original 
standard  partial  pressure. 

The  mass  spectrometer  sensitivity  may  change  by  a  certain  per¬ 
centage  for  all  gases  because  of  changes  in  multiplier  gain  or  in  ionizing 
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current.  If  the  sensitivity  changes  by  a  certain  percentage,  then  all 
of  the  elements  in  the  H  vector,  Eq.  (6),  and  the  partial  pressure 
solutions  for  all  the  gases  will  be  in  error  by  the  same  percentage 
{section  2.  1.  2). 

Inconsistencies  may  exist  in  a  set  of  calibration  data  and/or  in 
an  experimental  spectrum.  Inconsistent  data  are  characterized  by 
varying  errors  in  the  sensitivity  factors  of  a  gas  or  in  the  elements 
of  the  H  vector.  Inconsistencies  in  the  data  can  generate  large,  un¬ 
predictable  errors  in  one  or  more  of  the  solutions  {section  6.  1), 
Inconsistencies  may  be  introduced  into  the  data  in  several  ways: 

a.  The  working  standard  partial  pressure  against  which  the  mass 
spectrometer  is  calibrated,  or  the  partial  pressures  of  gases 
in  the  mixture  being  analyzed,  may  change  slightly  during  the 
mass  spectrum  scan. 

b.  The  electron  multiplier  used  for  ion  detection  and/or  the 
current  electrometer  may  not  operate  linearly  over  the 

'  entire  range  of  the  ion  current  measurements  (section  3.1). 

c.  The  normalized  cracking  pattern  for  a  pure  gas  may  change 
slightly  depending  on  the  condition  of  the  ion  source  filament 
and  on  the  degree  of  contamination  of  the  ion  source.  To 
illustrate  the  symptom  of  this  source  of  error.  Table  IX  shows 
two  sets  of  normalized,  17-210V  cracking  patterns  for  ten 
gases.  These  calibration  data  were  run  under  apparently 
identical  conditions  {operating  parameters  same  as  listed  in 
Table  I)  except  that  after  completing  set  1  and  before  starting 
set  2,  the  17-210V  ion  source  was  cleaned,  and  a  new  ion 
source  filament  and  a  new  multiplier  dynode  were  installed. 

d.  Reading  errors  in  single  peaks  may  occur  inadvertently;  this 
is  very  likely  in  manual  data  processing. 

6.1  EFFECTS  OF  INCONSISTENT  DATA 

Calibration  errors  and  errors  caused  by  changes  of  instrument 
sensitivity  are  easily  dealt  with  by  performing  accurate  calibrations 
and  frequent  checks  of  the  sensitivity.  However,  inconsistencies  in 
the  data  are  unpredictable  and  can  generate  solution  errors  much 
greater  than  the  magnitude  of  the  inconsistencies.  This  fact  is 
illustrated  by  the  following  exercise,  First,  assume  that  a  mixture 
is  composed  of  the  partial  pressures  in  column  2  of  Table  X  and  then 
calculate  the  exact  spectrum  of  the  mixture  by  substituting  the 
assumed  solutions  into  the  equations  of  Fig.  1.  When  small  errors 
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are  introduced  into  this  calculated  spectrum  at  mass  numbers  14,  27, 

28,  and  29,  it  is  found  that  the  calculated  solutions  are  most  sensitive 
to  an  inconsistency  in  the  spectrum  at  mass  29  (H2g)-  Specifically, 

H2g  in  the  calculated  spectrum  is  7.  164  x  10”  1  ^  amp.  Suppose  an  in¬ 
consistency  is  introduced  into  the  spectrum  by  changing  this  value  to 
7.  307  x  10"  10  amp.  This  is  an  error  of  2  percent  in  H29.  The  re¬ 
sulting  errors  which  are  generated  in  the  partial  pressure  solutions 
may  be  calculated  from  Eq.  (12).  From  Eq.  (10)  it  will  be  noticed 
that  this  2-percent  error  can  be  interpreted  either  as  an  error  in  H29 
or  as  an  error  in  one  of  the  sensitivity  factors.  At  any  rate,  if  an 
h-1  is  calculated  using  the  equations  from  Fig.  1  corresponding  to  mass 
numbers  2,  14,  16,  27,  28,  29,  30,  32,  40,  41,  43,  and  44  (i.  e.  ,  the 
initial  choice  of  section  IV),  and  if  the  matrix  multiplication  of  Eq,  (12) 
is  carried  out,  then  the  Ap  of  column  3,  Table  X,  are  obtained. 

Column  4  shows  these  errors  expressed  as  percentages  of  the  assumed 
solutions.  Reducing  the  spectrum  containing  the  2-percent  error  in 
H2g  by  the  iteration  technique  yields  the  solutions  in  column  5  of 
Table  X.  Column  6  shows  the  errors  in  these  solutions  relative  to  the 
assumed  solutions. 

A  comparison  of  columns  4  and  6,  Table  X,  suggests  that  solutions 
obtained  by  the  iteration  technique  are  not  affected  by  inconsistent 
data  as  much  as  are  the  solutions  obtained  by  matrix  inversion. 

If  a  set  of  mass  spectrometer  data  is  greatly  inconsistent,  then  it 
is  possible  to  obtain  negative  values  for  partial  pressure  solutions 
when  reducing  the  data  by  matrix  inversion. 


6.2  ACCURACY  OF  PARTIAL  PRESSURE  MEASUREMENTS 

If  inconsistent  data  are  avoided  by  proper  experimental  technique, 
and  if  the  best  data  reduction  techniques  are  employed,  the  accuracies 
of  partial  pressure  measurements  will  be  determined  primarily  by  the 
accuracies  of  the  original  partial  pressures  used  for  calibration  and  by 
the  extent  to  which  the  mass  spectrometer  sensitivity  varies.  Absolute 
partial  pressures  and,  consequently,  the  sensitivity  factors  of  Eq.  (1) 
may  be  established  to  within  approximately  ±5  percent  (Ref.  1). 

Figure  4  indicates  that,  in  general  (74  percent  of  the  data  points), 
the  17-210V  sensitivity  remains  constant  to  within  ±10  percent  for 
short  periods.  However,  to  realize  this  constant  (±10  percent)  sensi¬ 
tivity  in  long-term,  routine  measurement  activities,  the  mass 
spectrometer  installation  must  include  an  in-place  calibration  capability. 
Instrument  standardization  can  then  be  accomplished  quickly  using  a 
single  test  gas. 
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The  magnitudes  of  these  two  major  sources  of  error  indicate  that 
it  is  possible  to  make  absolute  partial  pressure  measurements 
routinely  with  an  accuracy  of  ±15  percent.  Two-thirds  of  this  error 
is  caused  by  random  changes  in  instrument  sensitivity.  Under  some 
operating  conditions  this  ±10-percent  error  could  be  reduced  by 
frequent  instrument  standardization. 

SECTION  VII 
CONCLUSIONS 


The  experimental  results  show  that  random  changes  in  the  sensi¬ 
tivity  of  the  Bendix  17-210V  time-of-flight  mass  spectrometer  occur 
during  long-term  operations  in  high  vacuum.  Therefore,  any  installa¬ 
tion  of  the  17-210V  must  include  in-place  partial  pressure  calibration 
equipment,  when  accurate,  absolute,  partial  pressure  measurements 
are  required.  With  such  equipment,  the  instrument  sensitivity  can  be 
maintained  constant  to  within  ±10  percent  by  readjusting  the  multiplier 
gain  on  a  day-to-day  basis.  This  standardization  can  be  accomplished 
conveniently  using  a  single  test  gas  at  one  partial  pressure  setting. 

Calibrations  for  all  gases  of  interest  should  be  repeated  often,  in 
order  to  ensure  consistent  data.  The  required  calibration  interval 
will  depend  greatly  on  the  vacuum  conditions  to  which  the  ion  source 
is  exposed  and  cannot  be  specified  on  the  basis  of  the  present  work. 

The  matrix  inversion  data  reduction  technique  is  more  difficult 
to  apply  than  the  iteration  technique  because  the  ill- conditioning  of 
the  subset  of  equations  that  is  used  must  be  considered  and  because 
the  inverse  of  the  coefficient  matrix  must  be  calculated.  The  solutions 
obtained  by  the  matrix  inversion  technique  are  more  affected  by  incon¬ 
sistencies  in  the  data  than  are  the  solutions  obtained  by  iteration. 
However,  the  convergence  of  the  iteration  technique  is  not  certain  and 
must  be  demonstrated  by  an  application  of  the  technique  to  the  ex¬ 
perimental  data.  The  present  experimental  results  indicate  that  if 
the  data  are  consistent,  then  the  iterations  will  converge.  The  com¬ 
puter  program  of  the  iteration  procedure  is  simple,  and,  in  general, 
the  results  indicate  that  the  iteration  technique  is  the  more  satisfactory 
technique  for  calculating  absolute  partial  pressures  from  mass 
spectrometer  data. 

Finally,  calculated  partial  pressure  solutions  are  unusually  sensi¬ 
tive  to  inconsistencies  in  the  experimental  data,  and  poor  experimental 
technique  can  easily  result  in  large  errors  in  the  solutions.  If  incon¬ 
sistent  data  are  carefully  avoided,  then  partial  pressure  measurement 
accuracies  of  ±15  percent  or  better  are  obtainable  by  time-of-flight 
mass  spectrometry. 
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appendix  I 

CALCULATION  OF  THE  INVERSE  OF  THE  COEFFICIENT  MATRIX 


During  the  present  work,  the  inverse  of  the  coefficient  matrix  was 
calculated  by  an  application  of  the  modified  Sherman-Morrison  tech¬ 
nique  (Ref.  6).  Basically,  this  technique  is  concerned  with  the  calcula¬ 
tion  of  the  inverse  of  a  n-dimension  matrix  after  adjustments  are  made 
in  the  elements  of  a  row  or  a  column  of  the  matrix.  This  calculation 
requires  the  inverse  of  the  matrix  before  the  adjustments  are  made. 

The  inverse  of  the  adjusted  matrix  is  given  by  (Ref.  7): 


(H  +  ueT)  1  =  H  1  - 


(trlu)  (eT  H-1 ) 

1  +  e T  H_1u 
1 


(I-D 


where  H 
H~l 

(H  +  uej) 


the  original  matrix 

the  inverse  of  the  original  matrix 

the  adjusted  matrix 

a  row  vector  which  is  given  by  the  transpose  of  the 
ith  column  of  the  identity  matrix  (I). 


u  -  the  column  vector  which  is  added  to  the  ith  column 
of  H.  The  vector  u  is  defined  so  that  this  addition 
yields  the  desired  adjusted  matrix. 


In  the  present  work,  Eq.  (1-1)  was  programmed  on  the  computer 
and  was  applied  repeatedly  to  obtain  the  inverse  of  the  coefficient 
matrix,  h.  The  general  procedure  is  as  follows:  First,  a  matrix,  hQ, 
whose  inverse  is  easily  calculated  is  defined.  A  convenient  hQ  is  the 
diagonal  matrix  of  h.  If  any  of  the  diagonal  elements  of  h  are  zero, 
they  are  replaced  by  1  in  the  construction  of  hQ.  The  inverse  of  hQ  is 
easily  calculated,  since  its  diagonal  elements  are  simply  the  reciprocals 
of  the  diagonal  elements  of  hQ.  Next,  the  coefficient  matrix,  h,  is  de¬ 
composed  as  follows: 


h,  =  h0  +  u,ei 

hj  =  h;  +  u2ej  (1-2) 


where 


Iji  —  h  n —  ]  +  unen 


u;  =  (h  —  h0)  e,  i  =  1,  2,  -  •  • ,  n 


(1-3) 
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The  vector  is  a  column  vector  corresponding  to  the  ith  column  of 
the  identity  matrix.  Since  hn  in  Eq.  (1-2)  is  equal  to  the  coefficient 
matrix,  h,  the  repeated  application  of  Eq.  (1-1)  to  h^,  hn  in 

Eq.  (1-2)  yields  hn~l,  which  (except  for  possible  round-off  errors) 
is  the  desired  h" 1. 


The  hn"  ^  matrix  calculated  by  the  above  procedure  may  be  in 
error  as  a  result  of  round-off  errors  in  the  computer.  Therefore, 
after  completion  of  the  above  procedure,  additional  computations 
were  performed  to  improve  the  accuracy  of  the  calculated  inverse. 

The  basis  for  these  additional  calculations  is  as  follows.  For  the 
sake  of  simplicity,  let  the  calculated  value  of  the  matrix  hn~  *  be 
designated  by  the  symbol  d0-1.  Since  d0-1  is  not  the  perfect  inverse 
of  hn,  a  matrix  F0  can  be  calculated  (Ref.  8): 

F°  =  I  -  hn  d0  1  (1-4) 

The  following  sequence  of  matrices  can  then  be  formed: 

dr1  =  d0-  (I  +  F0) 

dr1  =  drl  (i  +  f,  ) 

(1-5) 


dm"*  -  dm-rMl  +  F*-!) 

where 

F,  =  (I  -  h^dr1) 

Fj  =  (I  -  hrid2-‘) 


(1-6) 


F  m —  1  —  ( 1  —  h  n  d  I  ) 

Faddeeva  shows  that  each  successive  inverse  matrix,  dj”*,  d2 

,  dm'1  is  a  more  accurate  estimate  of  hn-^  (and  consequently  h-*) 

than  the  preceding  one  (Ref.  8).  In  the  present  work,  d-j'l  was  taken 
to  be  the  inverse  of  the  coefficient  matrix,  since  the  calculation  of 
d2~*  was  found  to  provide  negligible  corrections. 
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Fig.  1  Calibration  of  Bendix  1 7 -210V  Moss  Spectrometer 
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F  Voltage  q 
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Operating  Parameters 
Pulsed  Mode 

2.5  amp  Filament  Current 
50  percent  Emission 
Electron  Energy  -  70  ev 
Channel  1 
Scan  Rate  4 
Gain  13  Points 
Ion  Lens  Of) 

Ion  Focus  0-40 
Time  Constant  0.5  sec 


j - 1 — i — '  i  t  i  i  i 


j _ i  '  i  i  ■  i 


''ii 


10" 
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Nitrogen  Pressure,  torr 
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10'fl 


Fig.  2  Bendix  1 7-2 TO V  Calibration  for  Nitrogen  at  Mass  No.  28 


NOTES:  1.  Initial  Sensitivity  of  10"5  amp/lorr  When 
Manually  Adjusted  on  the  Mass  28  Peak 
of  Nitrogen 

2.  Vacuum  System  Brought  to  Atmosphere 
with  Dry  N2  and  New  Ion  Source  Filament 
Installed 

3.  System  Brought  to  Atmosphere  with  Dry  N 

4.  System  Pumped  Down  and  Ion  Source 
Baked  at  15tPC  for  16  Hours 
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TABLE  i 

BENDIX  17-210 V  CALIBRATION  DATA 


tt  hanol 
CH3CH20H 

Normal  Pentane 

Mas* 

50- 

arnp/twrj 

Hnsa 

No 

amp/torr 

1 

1 

64 

X 

lO'5 

1 

1 

44 

X 

uT5' 

2 

7 

45 

X 

in’6 

14 

7 

78 

X 

Kf6 

1Z 

1 

19 

X 

L<r5 

15 

6 

20 

X 

JO’5 

1J 

2 

53 

X 

ID'5 

26 

5 

48 

X 

10"  5 

14 

6 

56 

X 

10-5 

27 

4 

40 

X 

io"4 

15 

1 

19 

X 

io-4 

28 

1 

12 

X 

IO-4 

16 

1 

19 

X 

10-5 

29 

3 

00 

X 

IO-4 

17 

1 

49 

X 

10-5 

30 

1 

15 

X 

10-5 

IB 

1 

94 

X 

io'5 

37 

1 

15 

X 

io“5 

19 

4 

17 

X 

IO-5 

3B 

3 

31 

X 

IO-5 

24 

7 

45 

X 

Hi'6 

39 

2 

15 

K 

IO-4 

25 

2 

98 

X 

JO’5 

40 

4 

03 

X 

10-5 

26 

1 

1  5 

X 

jo-1 

41 

5 

33 

X 

io-“ 

27 

2 

71 

X 

10-“ 

42 

7 

91 

X 

IO-4 

28 

7 

00 

X 

JO'5 

43 

i_ 

JL 

IO-3 

29 

2 

83 

X 

IO-4 

44 

4 

47 

X 

JO-5 

JO 

7 

43 

X 

10  s 

50 

1 

01 

X 

10-5 

31 

L 

LO 

51 

1 

15 

X 

10"  5 

32 

l 

64 

X 

10"S 

53 

1 

44 

X 

IO-5 

41 

L 

49 

X 

10“5 

55 

4 

1R 

X 

10"  5 

42 

4 

17 

X 

10‘5 

56 

3 

46 

X 

10"5 

43 

L 

04 

X 

IO-4 

57 

1 

67 

X 

10-4 

44 

1 

49 

X 

1CI-5 

58 

1 

01 

X 

10'5 

45 

4 

10 

X 

lo'“ 

71 

1 

30 

X 

J0-5 

46 

3 

06 

X 

10-“ 

72 

1 

57 

X 

io-“ 

47 

L 

19 

X 

io”^ 

73 

1 

15 

X 

10-5 

Tetrachloro- 

ethyleoe 

1  CCl2  CCl2 

Mass 

No. 

arep/terr 

12 

2,89  X  IO”5 

24 

4.91  *  JO-5 

35 

1.28  X  10‘“ 

37 

3.93  it  10-5 

47 

1.92  x  10-4 

49 

6.07  x  10" 5 

59 

9.63  X  10"3 

61 

3.18  X  10” 5 

B2 

5.49  x  10" 5 

83 

5  7S  X  10"5 

*“ 

3. 38  x  10‘5 

B5 

2.31  x  10“5 

94 

1.62  x  »0‘“ 

96 

1  02  x  10-4 

98 

1  73  x  10“ 5 

119 

2.89  x  10* 8 

121 

2.89  x  ID'6 

129 

1.85  x  10'“ 

131 

1.82  x  to-4 

133 

6.24  X  10"5 

135 

6. 87  X  IO"6 

164 

3. IS  X  10"“ 

166 

4 .02  x  10"“ 

16B 

1.92  X  10"“ 

170 

4.16  X  10*5 

Oxygen 

°2 

Mass 

No. 

arap'torr 

18 

B  81  x  10'3 

28 

S  90  X  10“ 3 

32 

Helium 

He 

Mnse 

Nfi. 

anp/terr 

4 

1  39  x  1D"“ 

Carbon  Mc-r oxide 

CO 

Maas 

No. 

amp/torr 

12 

3. SB  x  19* 5 

14 

4.70  x  IO*6 

18 

1  86  X  10"5 

28 

3.09  X  10-3 

29 

1  20  X  30"5 

later 

8,0 

y»e» 

Ho. 

amp/ torr 

18 

2.S  x  IO"5 

17 

2.03  x  10"“ 

18 

7.67  x  10"“ 

19 

2.6  x  10'6 

NL  trofen 
*2 

Hafis 

No. 

amp/t prr 

14 

28 

29 

6  39  x  10"5 
9  23  x  10'“ 

7  45  I  10  6 

OPERATING  PARAMETERS  ■ 

Pulaod  Mode  of  Operation 

Filament  Current  2  5  amps 

Ionising  Potential:  TO  Electron  volta 

Trap  Current:  50  percent  of  Tull  Scale 

Ion  Lena  Off 

Ion  Focus  0-40 

Scan  Rate  4 

Channel  1 

Multiplier  Voltage.  1350  volte 

Gain  Adjusted  Tor  Nitrogen  Sensitivity  of 
10-3  aup/torr  When  Manually  Adjusted 
to  Mass  No.  23  and  '*>ith  Calibration 
Pressure  of  L‘10“°  torr. 
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Methanol 

CHgOH 


lup/torr 


1.53  x  10- 
5.65  x  10"' 
1.02  x  10“ 
1.81  x  10" 
3,50  x  10“ 
1  SI  x  10" 
6  78  x  10“' 
L  2-1  x  10“ 


3  28  x  10 

4  41  x  10" 


6  5  3 


anp/torr 


1  85  x  10 
9,23  x  llT 


7  78  x  10 
9  66  x  10“ 
4  89  x  10" 
4  49  x  10" 


1  54  x  10 
]  72  x  10"6 
1  72  x  10-® 

1  9S  x  10'5 
3  9*  x  lo'5 

2  03  x  10'4 

3  21  X  10'5 
<.00  x  lo'4 
l  89  x  lO-4 
1.33  »  IQ-3 
8  27  *  10"5 


1  35  I  10 
4  09  x  10' 


1  1  5 

X 

10' 

1  15 

X 

10* 

2  88 

X 

10" 

4  75 

X 

J0‘ 

9  35 

X 

10 

1  15 

X 

10' 

5  47 

X 

10" 

9  50 

X 

10' 

3.08 

X 

10' 

4  60 

X 

10" 

3  74 

x 

10" 

5.76 

X 

10" 

1  73 

X 

10" 

7  62 

X 

10' 

5  61 

X 

10' 

6.47 

X 

10' 

2  88 

X 

10' 

1.21 

X 

10' 

1.70 

X 

10' 

5.04 

X 

10' 

2.73 

X 

10' 

4.60 

X 

10' 

8. 63 

X 

10’ 

1.65 

X 

10' 

5.47 

X 

10' 

1.9B 

X 

10' 

4.32 

X 

10" 

2.30 

z 

10' 

1.73 

X 

10' 

2.  30 

X 

10' 

1.44 

X 

10' 

2,01 

X 

10' 

1.44 

X 

10' 

6.33 

X 

10' 

5,76 

X 

10' 

1  30 

X 

10 

5  13  x  10" 
5  42  x  10' 


Mothyl.  Ethyl 

Ketone 

CK,COC„H. 


9 

07 

X 

10" 

1 

45 

X 

10 

5 

44 

X 

10 

2 

20 

X 

10 

9 

07 

X 

10 

1 

45 

X 

10 

9 

44 

X 

10 

2 

74 

X 

10 

5 

44 

X 

10 

4 

17 

X 

10 

1 

07 

X 

10 

9 

07 

X 

10 

1 

81 

X 

10 

1 

81 

X 

10 

4 

72 

X 

10 

3 

99 

X 

10 

1 

09 

X 

10 

4 

54 

X 

10 

1 

HI 

X 

10 

9 

07 

X 

10 

1 

81 

X 

10 

9 

07 

X 

10 

9 

07 

X 

10 

1 

09 

X 

10 

9 

07 

X 

10 

1 

12 

X 

10 

1 

C9 

X 

10 

2 

36 

X 

10 

2 

63 

X 

10 

1 

63 

X 

10 

4 .83 

X 

10- 

9.66 

X 

10" 

1  13 

X 

10" 

7  48 

X 

10" 

B  53 

X 

10" 

1.22  x  10 
5.81  x  10 


RrdrogeD  Sulfide 

B2s 


lap/torr 


1.21 

X 

10 

4.85 

X 

10 

7.26 

X 

10 

3.28 

X 

10 

3,20 

X 

10 

1 ,  l-DicMoroethane 

ch3ckci2 


omp/torr 


3.55 

X 

10* 

2  13 

X 

10' 

8  01 

X 

10" 

5  04 

X 

10' 

7  09 

X 

10" 

8.86 

X 

10' 

5  53 

X 

10’ 

7.80 

X 

10' 

l 

03 

X 

10 

1 

05 

X 

10 

3 

16 

X 

10 

1 

14 

X 

10 

5 

58 

X 

10 

1 

C5 

X 

1G 

4 

21 

X 

10 

2 

53 

X 

10 

1 

20 

X 

10 

1 

.52 

X 

10 

3, 

.79 

X 

10 

7 

.37 

X 

10 

1 

2B 

X 

10 

4 

42 

X 

10 

4 

83 

X 

10 

7 

37 

X 

10 

1 

68 

X 

10' 

4 

21 

X 

10' 

1 

39 

X 

10' 

4 

63 

X 

10 

1 

89 

X 

10 

4 

21 

X 

10 

1 

88 

X 

10" 

7 .51 

X 

10 

5  40 

X 

10 

1.95 

X 

10 

Diethyl  Ether 


anp/torr 


5,72 

X 

10 

1.14 

X 

10 

9.15 

X 

10 

4.00 

X 

10 

1.40 

X 

10 

6.B6 

X 

10 

2.52 

X 

10 

8.52 

X 

10 

3.50 

X 

10 

8  58 

X 

10 

6.48 

X 

10 

4  00 

X 

10' 

1 

73 

X 

10 

5 

72 

X 

10 

3 

43 

X 

10 

2 

86 

X 

10 

1 

03 

X 

10 

3 

43 

X 

10 

3 

95 

X 

10 

1 

26 

X 

10 

5 

40 

X 

10 

2 

40 

X 

10" 

2 

97 

X 

10" 

2 

63 

X 

10" 

1 

26 

X 

10" 

95 

X 

10 

4 

98 

X 

10 

a 

26 

X 

10 

i 

3 

53 

75 

X 

X 

10 

10 

5.70 

X 

10 

1 

97 

X 

10 

2 

53 

X 

10 

1 

56 

X 

10 

i 

BS 

X 

10 

5 

77 

X 

10 

2 

78 

X 

10 

1 

14 

X 

10 

3 

56 

X 

10 

2 

8] 

X 

10 

2 

91 

X 

10 

I  42  x  10 

2 

07 

X 

10 

7 

46 

X 

10 

2 

91 

X 

10 

mm 
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O-XjLor.e 

c6h4(ch3)2 


sop/t<jrr 


8.21 

X 

10 

n  .  57 

X 

i<rs 

4.43 

X 

io“s 

1.90 

X 

IO"4 

1.81 

x 

IO'5 

8.21 

X 

L0-6 

3.28 

X 

10“& 

7.39 

X 

10-5 

2.99 

X 

10“H 

4.10 

X 

10- 1 

4.10 

X 

10- 5 

1.48 

X 

IO'4 

2.96 

X 

10- 4 

1  48 

X 

10- 

8.54 

X 

10"  3 

2.96 

X 

10-5 

6.57 

X 

10- s 

1 . 35 

X 

10“  4 

4.10 

X 

10-S 

1.36 

X 

lO'4 

3.28 

X 

10“  & 

3.94 

X 

10"  b 

3.13 

X 

10"  b 

3.12 

X 

10'5 

2.13 

X 

LO-4 

1.26 

X 

IO'4 

0.85 

X 

io- 5 

4.27 

X 

10“  5 
.q-3 

1.97  X  10 

2.40  x  10 

fl.a?  x  10 
7.55  x  10 
4,27  x  10 
1.13  x  10 


1.62 

X 

10' 

5.63 

X 

10' 

1.  LO 

X 

10' 

6.06 

X 

10 

3.24 

X 

10 

1  76 

X 

10 

5.63 

X 

10 

1 .41 

X 

10 

3.20 

X 

10 

2.02 

X 

10 

3.36 

X 

10 

4.43  X  10 
a  05  x  10 


$  71  X  10 
4  16  X  10 
2  01  x  10 
2.32  X  10 


1  74  X  10 
6  05  x  10 
9  40  X  10 
5  37  x  10 
1,07  x  10 
1,07  x  10 

4,03  x  lO 

1  61  x  10 
4.70  x  10 

2  15  X  10 

3  89  X  10 
L .65  X  10 


6.17 

X 

10 

2.47 

X 

10“ 

5  56 

X 

10“ 

1.29 

X 

10“ 

4.26 

X 

10“ 

5.56 

X 

10“ 

4.94 

X 

10“ 

2.45 

X 

10“ 

1.03 

X 

10 

0.45 

X 

10 

2.15 

X 

10' 

0.17 

X 

10 

2.16  x  10 
1.08  x  10 


1  36 

X 

10 

4  24 

X 

10' 

7.63 

X 

10' 

2  12 

X 

10' 

l  86 

X 

10' 

7.24 

X 

IO' 

2.20 

X 

10' 

7,63 

X 

10' 

6  91 

X 

10' 

2.75 

X 

10' 

3  22 

X 

10' 

4.24 

X 

10 

5. 51 

X 

10' 

7.71 

X 

10 

2.42 

X 

10' 

1,02 

X 

10' 

1.7& 

X 

10 

1.57 

X 

10 

5.08 

X 

10 

3.39 

X 

10 

9.32 

X 

10 

4 .32 

X 

10 

3.73 

X 

10“ 

1  69 

X 

10“ 

4.24 

X 

10“ 

8.47 

X 

10" 

5.08 

X 

LO' 

1.91 

X 

10' 

1.23 

X 

10“ 

2.20 

X 

10' 

2.07 

X 

10' 

2.07 

X 

10' 

1 

33 

X 

10 

1 

35 

X 

10 

2 

25 

X 

10 

1 

94 

X 

10 

5 

45 

X 

10 

2 

39 

X 

10 

8 

98 

X 

10 

2  89  X  10 
5  16  x  10 


3,41  k  10 
5  68  x  10 
4  32 


4.89 

X 

10 

3.01 

X 

10 

5.34 

X 

10 

2,27 

X 

10 

7.95 

X 

10 

1.19 

X 

10 

4.54  x  10 

1,82 

X 

10 

L  .00 

X 

10 

6.82 

X 

10 

3.90 

X 

10 

6.02 

10 

3  98  x  10 

2.27 

X 

10 

3.  98 

X 

10 

3,98 

X 

10 

1.70 

X 

10 

1.02  x  10 
3.38  x  10 
1.02  x  10 
1.02  x  10 

1.82  x  10 


7  32  x  10 
6  69  x  10 
l  43  x  10 


6  05  X  10 
i  34  x  10 
4  83  x  10 


2.28  x  10 
3.78  x  10 
3  86  x  10 
3.05  X  10 
1.12  x  10 


Freon  11 
CC1,F 


4.50 

X 

10 

1.04 

X 

10“ 

8.75 

X 

10' 

2.76 

X 

10' 

4.69 

X 

10' 

A3r 


nap  torr 


2.09 

X 

10 

5.04 

K 

10 

4  54  x  10 

1  G5 

K 

10 

6  45 

X 

10 

3  87 

X 

© 

r-l 

8  77 

r. 

10 

L.27 

X 

10 

2.36 

X 

10 

5.00 

X 

10 

7.09 

X 

10 

j  l-Dicbloro- 


enp/torr 


1.03  X  10“ 


1.24  x  10 
5.15  x  10"' 


TABLE  II 

STANDARD  PARTIAL  PRESSURE  VALUES  AND  PARTIAL  PRESSURE  SOLUTIONS 


Type  of  Gas 

Partial 
Pressure 
Standards 
(torr)  ; 

Nitrogen 

1.02- 10-6 

Oxygen 

9.95- lO-7 

Argon 

1.01- 10-6 

Carbon  Dioxide 

1.00- 10-6 

Hydrogen 

1.58- 10“7 

Methane 

1 . 74- 10-7 

Carbon  Monoxide 

1.74- 10-7 

Ethane 

1.73- lO"7 

Butane 

9.12* 10-8 

Propene 

9.19- lO-8 

Ethylene 

9.29-10-8 

Propane 

9.72-10-8 

Solutions  by  Matrix  Inversion 


Second  Set 


(torr)  %  Error 


First  Set 


(torr)  %  Error 


1-09-lCT6  +  6.9 


9.86- 10"°  -0.9 

1.20*10-6  +18.8 
i  io.  ia’6  ,  t  o  n 


1.  12- 10“ 


1.81-10-7 
8.93' 10~8 
7. 86* 10“8 


-0.9  9.86* 10 


+  12.0 


1.57-10-7  -  0.6 

1.67* 10“7  -  3.5 

5.92-10-8  -66.0 


+  4.6 
-  2.1 
-14.  5 


1.18-10-7  +27.0 

S.25'10-8  -15.1 


8.38-10-7  -17.8 

n  o  l  o  7  n  ft 


-  0  *  9 


1.20-10-6  +18.8 
1.12-10“®  +12.0 
1 . 57-10-7  -0.6 

1.62- 10“7  _  e.9 

2,77* 10-7  +59.2 

1.81-10-7  +  4.6 

8.95-10-8  _  i.9 

7.86- 10-8  -14.5 

1.09- lO-7 
8.20- 10-8 


Solutions 
Bv  Iteration 


%  Error 


1 . 06- 10“6  +3.9 

9.8610-7  -  0.9 

1.19-10-6  +17.8 

1.11*10“6  +11.0 
1.57-10-7  _  06 

1.69*10-7  _  2.9 

2.84*10-7  +63.2 

1.79- lO-7  +3,5 
9.54- 10“8 
9.29- lO-8 
1.03- lO-7  |  +10.9 
I.OO-IO-7 


A  E  DC-T  R-66- 150 


TABLE  III 

EXPERIMENTAL  SPECTRUM  OF  WORKING  STANDARD,  12-COMPONENT  MIXTURE 


l 

(Mass  No.) 

(amp) 

a 

(Mass  No.) 

(amp) 

1 

1 ,36*10-11 

37 

1.73-10"11 

2 

7.72-10'11 

38 

3.13* 10-11 

12 

6.92-10'11 

39 

1.03* 10-10 

13 

2.10-10-11 

40 

1.11-10"9 

14 

1.12-10"10 

41 

1.37* 10-1° 

15 

1.59-10-10 

42 

9.22-10-11 

16 

3.64*10~10 

43 

1 .50*10~10 

19 

3.3-10'12 

44 

1.17*10“9 

19.5 

3.0* 10-12 

45 

1.44*10-11 

20 

1.00*10~10 

46 

—1  2 

4.5-10  X  | 

22 

1.37* lO"1^ 

49 

24 

i  o 

6.3*10 

50 

1.5-10"12 

25 

2.57-10"11 

51 

1.7-10"12 

26 

1.46-10"10 

52 

27 

2.65-10"10 

53 

1.2-10"12 

28 

1.65-10"9 

54 

29 

2.22-10-10 

55 

2.1-10'12 

30 

8.57-10"11 

56 

1.4-10"12 

31 

2.3  *10-12 

57 

5 .2  *10~12 

32 

7 .70’10-10 

58 

2.81 •10“11 

36 

7 . 0  * 10-12 

59 

1.3-10'12 

Current  peaks  <1.0*10 
measured. 


were  not 
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TABLE  IV 

COS2(9; j  VALUES  INDICATING 
ILL.  CONDITIONING 


TABLE  V 

ILL-CONDITIONING  OF  INITIAL 
SYSTEM 


i 

(Mass 

No.) 

3 

(Mass 

No.) 

2 

cos  6 .  . 
ij 

12 

44 

0.43 

14 

16 

0.59 

15 

16 

0.95 

25 

26 

0.98 

25 

27 

0.63 

25 

28 

0.44 

26 

27 

0.73 

26 

28 

0.50 

27 

28 

0.49 

27 

29 

0.52 

27 

38 

0.31 

27 

39 

0.32 

28 

30 

0.42 

29 

43 

0. 40 

37 

38 

0.99 

37 

39 

0.98 

37 

40 

0.93 

37 

41 

0.92 

37 

42 

0.93 

38 

39 

0.99 

38 

41 

0.93 

38 

42 

0.92 

39 

41 

0.96 

39 

42 

0.95 

41 

42 

0.98 

43 

58 

0.94 

i 

(Mass 

No.) 

3 

(Mass 

No.) 

2 

cos  9  •  . 
ij 

14 

16 

0.59 

27 

28 

0.49 

27 

29 

0.52 

28 

30 

0.42 

29 

43 

_ 

0.40 

TABLE  VI 

ILL-CONDITIONING  OF  FINAL 
SYSTEM 


— 

j 

(Mass 

No.) 

2a 

cos  9 .  . 

12 

44 

0.43 

25 

28 

0.44 

28 

30 

0.42 

29 

43 

0.40 

30 
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TABLE  VII 

ERROR  SPECTRUM  CALCULATION,  TENTH  ITERATION 


l 

(Mass  No. ) 

Experimental 

(amp) 

Error 

Spectrum 

(amp) 

Error 

Spectrum 

(Percent) 

2.0 

7 . 720 (-11 ) 

4 . 632 (-16) 

6.001 (-04) 

12.0 

6 . 91 9(-ll ) 

4. 906 (-17) 

7 , 090 (-05) 

14.0 

1 . 119 (-10) 

4 . 119  (-1 5) 

3 . 677 (-03) 

15.0 

1 . 590 (-10) 

5 .826 (-1 5) 

3 , 664 (-03) 

16.0 

3 . 639 (-10) 

-5. 758 (-12) 

-1 . 582  (  00) 

25.0 

2 . 569(-ll) 

1.731 (-15) 

6. 739 (-03) 

26.0 

1.459 (-10) 

5 .8  55 (-13) 

4 . 010 (-01) 

27.0 

2,650 (-10) 

-8 .867 (-12) 

-3 .346 (  00) 

28.0 

1 . 650 (-09) 

-2 . 224 (-10) 

-1 . 348  (  01) 

29.0 

2 . 219 (-10) 

-2 . 708 (-11) 

-1 . 220  (  01) 

30.0 

8 . 570 (-11 ) 

1.790 (-1 5) 

2 . 089  (-03) 

32.0 

7 . 700 (-10) 

7.235(-17) 

9 . 396 (-06) 

37,0 

1 .729(-ll) 

-2 .869 (-12) 

-1 . 659 (  01) 

38,0 

3 . 130 (-11) 

3.831  (-14) 

1 .224(-01) 

39.0 

1 . 029(-10) 

-1.141(-11) 

-1 . 108 (  01) 

40.0 

1. 109(-09) 

1 . 010 (-14) 

9.107 (-04) 

41.0 

1 . 369 (-10) 

-2.145 (-11) 

-1 . 566 (  01) 

42.0 

9 . 219 (-11 ) 

-7 . 597 (-12) 

-8 .241 (  00) 

43.0 

1 . 499 (-10) 

-1.478  (-11) 

-9.857 (  00) 

44,0 

1. 170(-09) 

-3.008 (-14) 

-2. 571 (-03) 

58,0 

2 . 809(-ll ) 

4.420 (-13) 

1 . 573  (  00) 

Note:  (x)  denotes  a  factor  of  10x. 


TABLE  VIII 

COMPARISON  OF  EXPERIMENTAL  AND  CALCULATED  SPECTRA 


l 

(Mass  No.) 

Calculated 

(amp) 

Experimental 

(amp) 

%  Difference  of 
Experimental  H ^ 

2 

7.78-10'11 

7.72-10'11 

-  0.8 

12 

5.95-10'11 

6.92-10"11 

+16.3 

14 

1.08-10-10 

1 .12-10-10 

+  3.7 

16 

3.62.10'10 

3.64-10"10 

+  0.5 

27 

2.61*10-1° 

2.65-10'10 

+  1.5 

28 

1.68'IQ-9 

1 .65’10-9 

-  1.8 

29 

2.39-10'10 

2.22-10-10 

-  7.1 

30 

8.26-10"11 

8.57-10-11 

+  3.7 

32 

7.77«10-10 

7.70-10-10 

-  0.9 

40 

9.42-10"10 

1.11-10'9 

+18.0 

41 

1.55-10-10 

1.37-10'10 

-11.6 

43 

1.58' 10-10 

1.50’ 10-10 

-  5.1 

44 

1.05-10"9 

1.17  * 10-9 

+  11.4 

58 

2.64-10"11 

2.81-10"11 

+  6.4 

31 


TABLE  IX 

NORMALIZED  CRACKING  PATTERNS  FROM  TWO  INDEPENDENT  CALIBRATIONS  OF  THE  BENDIX  17-2I0V 
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ERRORS 


TABLE  X 

RODUCED  BY  2-PERCENT  ERROR  IN  H 


Ap  by 

Matrix  Inversion 


Error 


-9.87-10 
-3.31- 10-11 
+1.39' 10~8 
+6.84- 10"10 
-8.50- 10"9 
+1.49- 10-9 
-8.46- lO-10 
-9.65* 10-10 
-3. 63- 10-9 
+1.55- 10_11 
-2.02- 10~10 
-6.84* 10~9 


Solutions 
bv  Iteration 


(torr)  I  %  Error 


3.997-  10“6 
9.999' 10-7 
5.015- 10-7 

3.998-  10“7 


+  0 

75 

-0 

85 

-1 

21 

-9 

07 

+  0 

04 

.  6 


34.20 


2. 999‘ 10-7 
2.005" 10-7 
9. 989- 10~8 
7. 960- 10"8 
3.992' 10"8 
4. 167- 10~8 
3. 009- 10-8 
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